The effect of annealing of organic thin films on charge injection in the tris(8-quinolinolato)aluminium (A1q3)-based organic electroluminescent (EL) devices was investigated. The external quantum and luminous efficiencies were found to improve by annealing. The investigation of the effect of annealing on charge injection in holeonly and electron-only devices has revealed that while hole injection from the ITO electrode into the hole-transport layer is not affected by the annealing, electron injection from the MgAg electrode into the Alg3 layer is enhanced by the annealing. It is concluded that improved charge balance due to the enhanced electron injection by the annealing is responsible for the improvement of the performance of the organic EL device.
Introduction
Organic electroluminescnt (EL) devices have attracted a great deal of attention in view of both academic interest and practical applications for full-color, flat panel displays and lightning [1] [2] [3] . The operation of organic EL devices involves charge injection from the electrode, transport of charge carriers, recombination of holes and electrons to generate electronically excited states, followed by the emission of either fluorescence or phosphorescence. In order to attain high quantum efficiency for electroluminescence, it is necessary to attain efficient charge injection as well as charge balance. Practical applications require devices that can be operated at low voltages. The control of the interface between the electrode and the organic layer is of crucial importance for achieving efficient charge injection to lead to low-voltage drive. 4,4',4"-Tris[3-methylphenyl(phenyl)amino]-triphenylamine (m-MTDATA) [ 4 ] and copper phthalocyanine [51, have been widely used as a buffer layer that facilitates hole injection from the indium-tin-oxide (ITO) electrode into an adjacent hole-transport layer or an emitting layer with holetransporting properties. It has also been reported that the adsorption of polar molecules, e.g., carboxylic acid [ 6 ] , phosphoric acid [ 7 ] and phosphonic acid derivatives [8] , on the surface of the ITO electrode enhances hole injection. Likewise, electron injection is facilitated by the insertion of a suitable buffer layer such as LiF [9] and A1203 [10] between the Al cathode and the emitting layer of tris(8-quinolinolato)aluminum (A1q3). We have found that the methods of the preparation of organic thin films, vacuum deposition and spin coating, significantly affect hole injection from the ITO electrode into the thin films of the hole-transport layer of N,N'-bis (3-methylphenyl 
. That is, significantly enhanced hole injection from the ITO electrode into the hole-transport layer takes place for the spin-coated films of TPD and p-BPD relative to their vacuum-deposited films [11] . The enhanced hole injection is attributed to the better quality of the contact between the ITO electrode and the spin-coated organic layer.
It is a subject of current interest and significance to control the quality of the contact between the electrode and the organic layer in organic EL devices. In the present study, we have investigated how annealing of organic thin films affect charge injection in Alga-based organic EL devices.
We have previously shown that multilayer organic EL devices consisting of the emitting layer of Alga and double hole-transport layers of m-MTDATA as HTL 1 and TPD or other holetransporting materials as HTL2 (Figure 1 ), exhibits higher luminous efficiency and significantly enhanced operational durability than the corresponding double layer device in the absence of m-MTDATA [3, 12] . In the present study, materials with higher glass-transition temperatures (Tgs), [13] are used as HTL 1 and HTL 2, respectively, in order to investigate annealing effect on charge injection in organic EL devices.
Experimental

Materials
2-TNATA and p-BPD were synthesized according to scheme 1. 2-TNATA was synthesized by the Ullmann reaction of N phenyl-2-naphthylamine (16.0 g, 25.7 mmol) with tris(4-iodophenyl)amine (25.0 g, 114 mmol) in the presence of copper powder (10 g), potassium carbonate (30 g), and 18-crown-6-ether (2.0 g) at 170 °C for 9 h. It was purified by silica-gel column chromatography using toluene / hexane as an eluent, followed by recrystallization from toluene/hexane. Yield: 5.1 g (22 %). The compound was further purified by column chromatography, followed by recrystallization before use, m.p. 219 °C. Likewise, p-BPD was synthesized by the Ullmann reaction of 4-iodobiphenyl (12.5 g, 45 mmol) with N,N diphenylbenzidine (5.0 g, 15 mmol) in mesitylene at 170 °C for 8 h in the presence of copper powder (3.6 g), potassium carbonate (15 g), and 18-crown-6-ether (0.8 g) and purred by silica-gel column chromatography using toluene/hexane as an eluent, followed by recrystallization from toluene/hexane. Yield: 4.7 g (49% Cyclic voltammetry was performed for dichloromethane solution of 2-TNATA and p-BPD (1.0 x 10-3 dm"3) containing tetra-n-butylammonium perchlorate (0.1 mol dm"2), using a platinum disk (1.6 mm in diameter) and a platinum wire as the working and counter electrodes, respectively, and Ag/AgN03 (0.01 mod dm 2 in acetonitrile) as the reference electrode. Scan rate was 100 mV s"'. An organic EL device wase fabricated by successive vacuum deposition of the organic materials, 2-TNATA, p-BPD, and Alga, onto an ITO-coated glass substrate at a deposition rate of 2-3 A at 10"S Ton, followed by vacuum deposition of an alloy of magnesium and silver with an atomic ratio of 10:1 by simultaneous evaporation from two separated sources. The ITO-coated glass substrate (ca. 50 Ssq."', Geomatec) was cleaned by being immersed in an ultrasonic bath of 1,1,1-trichloroethane, followed by exposure to hot acetone vapor and UV ozone exposure immediately before use. The film thickness was measured with a quartz oscillator. The emitting area was -4 mm2. A double-layer hole-only device was fabricated by sandwiching the vacuum-deposited films of 2-TNATA and p-BPD between the ITO and silver electrodes. Likewise, an electron-only device was fabricated by sandwiching the vacuum-deposited film of Alga between the Mg vacuum-deposited on a glass plate and MgAg electrodes.
Annealing of the fabricated devices was carried out by gradually heating the devices to 50 and then 70 °C, holding them for 5 min. at each temperature, and then by heating the device further to 100 °C and holding them for 15 min. It took about 25 min. for the devices to be heated from 30 °C to 100 °C .
Apparatus
The luminance -applied voltage -injected current density characteristics were measured with an ADVANTEST TR6143 electrometer and a photoluminescence meter MINOLTA LS-100. Temperature control was performed with an Oxford ITC 152. 
Properties of 2-TNATA and p-BPD.
Both of 2-TNATA and p-BPD were found to form stable amorphous glasses as evidenced by polarizing microscopy, differential scanning calorimetry (DSC), and X-ray diffraction. The Tgs of 2-TNATA and p-BPD were determined to be 110 and 102 °C, respectively by DSC measurements. The increase in the Tgs is attributed to the incorporation of rigid naphthyl and p-biphenyl moieties. Figure 2 shows the cyclic voltammograms of 2-TNATA and p-BPD.
Both compounds undergo reversible anodic oxidation, exhibiting two anodic and the corresponding cathodic waves. The first oxidation potentials of 2-TNATA and p-BPD were determined to be 0.10 and 0.50 V vs Ag/Ag+, respectively. The oxidation potentials of 2-TNATA and p-BPD are more or less similar to those of m-MTDATA (0.06V vs. Ag/Ag+) and TPD (0.48V vs. Ag/Ag+).
The hole-drift mobilities of 2-TNATA and p-BPD in their amorphous glassy states were 5.2 X 10"5 and 1.0 X 103 cm2V"'s"', respectively, by the containing tetra-n-butylammonium perchlorate (0.1 mol dm 2). Platinum disk (1.6 mm in diameter) and a platinum wire was used as the working and counter electrodes, respectively. Ag/AgN03 (0.01 mod dm 2 in acetomtrile) was used as the reference electrode. Scan rate: 100 mV s"'.
time-of-flight method [ 14 ] . The hole-drift mobilities of of 2-TNATA and p-BPD are also similar to those of m-MTDATA (2.7 X 10"5 cm2V"is"1) and TPD (1.1 X 10"3 cm2V"is"1) [15] .
These results indicate that 2-TNATA and p-BPD they are suitable as materials for HTL 1 and HTL2, respectively, for organic EL devices.
Effect of annealing of organic thin films on the performance of organic EL device
The luminance -applied voltage -injected current density characteristics of the organic EL device, ITO/2-TNATA (30 nm)/p-BPD (20 nm)/Alg3 (50 nm)/MgAg, were measured at 30 °C before and after the annealing. The annealing was carried out at temperatures below the Tgs of the organic materials. Figure 3 shows the injected current density vs. applied voltage characteristics before and after the annealing. No significant change in the injected current density was observed for the organic EL device before and after the annealing at 100 °C; however, it was found that both the external quantum efficiency and the luminous efficiency of the device increased after the device was annealed at 100 °C, as shown in. Figures 4 and 5 . The increase in the external quantum efficiency and the luminous efficiency is attributed to the increase in the luminance without any significant change in the injected current density. No further change was observed even when the same annealing process was repeated twice or three times. These results indicate that the change in the external quantum and luminous efficiencies takes place only in the first annealing process.
In order to gain insight into the observed phenomena induced by the annealing, hole-only and electron-only devices were fabricated, and the injected current density vs. applied voltage characteristics were investigated. Figures 6 and 7 show injected current density vs. applied voltage characteristics for the hole-only device, ITO/2-TNATA (120 nm)/p-BPD (80 nm)/Ag, and electron-only device, Mg/Alg3 (200 nm)/MgAg, respectively, at 30 °C before and after the annealing. It is noteworthy that the injected hole current in the hole-only device is approximately six orders of magnitude greater than the injected electron current in the electron-only device before the annealing. It is concluded that the dominant charge carrier injected from the electrode in the present organic EL device is holes. Whereas no significant change in the hole current was observed for the hole-only device before and after the annealing at 100 °C, one order of magnitude increase in electron current was observed for the electron-only device after the annealing. This result indicates that while hole injection is not affected by the annealing, electron injection is enhanced by the annealing in the organic EL device, although the increase in the electron current is hidden by the much greater hole current in the organic EL device. The results show that the increase in the electron current is responsible for the enhancement of the external quantum and luminous efficiencies. That is, the enhanced injection of the minority charge carrier, electron, leads to better charge balance.
It has been reported that the surface roughness of the vacuum-deposited thin film of Alga increases by annealing at 100 °C for 60 mm [16] . The interaction between Mg and Alga in the Si/Alg3/Mg device has been studied by high-resolution electron energy loss spectroscopy [17] . It has been shown that Mg diffuses into the Alga layer, undergoing reactions at 57 °C. The present result of enhanced electron injection from the Mg electrode into the Alga layer by the annealing at 100 °C may result from either the improvement of the quality of the contact between the MgAg electrode and the Alga layer or the strong interaction between Mg and Alga.
Summary
The present study has demonstrated significant effect of annealing of organic thin films on charge injection from the electrode into the organic layer in the Alga-based organic EL device.
The enhancement of the external quantum and luminous efficiencies in the organic EL device by annealing is attributed to the enhanced electron injection from the MgAg electrode into the Alga layer, leading to better charge balance. 
